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ABSTRACT

The vortex velocity field produced by a rectangular wing in
a subsonic wind tunnel was measured using two laser Doppler Veloci-
meter systems. One system made three dimensional mean velocity
measurements and the other made one dimensional turbulence measure-
ments. fhe systems and test procedures are described and the
measurements are presented and cohparisons made. The data defined

a strong spiral motion in the vortex formation process.
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1.0 INTRODUCTION

Recent measurements at Marshall Space Flight Center with a Laser
Doppler Velocimeter (LDV) system have provided three dimensional velocity
data in a wing tip vortex. These measurements were madé to study vortex flow
structure using a technique for obtaining three dimensional mean velocity data
from the measurement of the Doppler frequency shift in laser light scattered
by small particles in a gas flow. This technique used an LDV optical instru=-
ment designed to simultaneously collect fdrward scattered laser light from
three different directions and to homodyne this 1ight with reference laser
Tight to produce a Doppler frequency output at three photo-detectors. The
three Doppler frequencies were processed and stored in a signal analyzer where
the mean Doppler frequency and its distribution were identified. With a
knowledge of the geometry of the LDV instrument arrangement relative to the
flow field and the measured Doppler frequencies, the three dimensional mean
velocity vector of the particles causing the Doppler shift were computed.
For very small particles the particle and fluid paths are approximately equal
and the velocity measurement is considered to be that of the fluid.

This system has been used to make three dimensional mean velocity
measurements in a vortex flow produced inside a subsonic wind tunnel by a
- rectangular wing at angle of attack. The optical, electrical and mechanical
arrangements of this system are described and the equations relating the Doppler
frequencies to the velocity components are presented and discussed. Typicé1,
displays of Doppler signals and three dimensional velocity profiles in the

- yortex region are presented.



REMTECH INCORPORATED

In addition, one dimensional turbulence measurements were also made
using a single component forward scatter LDV instrument and a frequency

tracker. These measurements are also presented and described.
2.0 THE LDV SYSTEM

The LDV system is considered to be composed of all the equipment
necessary for determining a gas velocity by measurement of the Doppler fre-
quency shift in scattered laser light. This equipment includes an LDV instru-
ment, an argon laser, and the electronic signal processing equipment.

The LDV instrument consists of two parts: a movable mount and an opti-
. cal recetver. The movable mount suppbrts the LDV instrument, laser and associ-
ated optics so that the components may be aligned and then moved in three
orthogonal directions with a tolerance of ¥ 0.025 mm, thus allowing the measure-
ments to be made at different points within a flow field.

The optical receiver houses the optical components necessary to col-
lect three Doppler frequency shifted scatter beams and the reference or local
oscillator (LO) beam. Physically the receiver consists of four metal tubes
in which the optical components are rigidly held. Three of these tubes (scatter
tubes) are arranged at 120° intervals around the fourth tube (LO tube) and
collect the scatter light and direct it onto the photomultiplier detectors.
The LO tube collects the reference beam, splits it into three segments and
directs the segments to each of the three scatter tubes where homodyning with
the scatter beam occurs. The physical design of the instrument allows for |
convenient positioning of the optical components through external adjustment.

Figure 1 shows a schematic of the optical arrangement of one of the

scatter tubes and the reference beam tube. In this arrangement the laser beam
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is focused at a known alignment point in the flow field to be measured. The
alignment point is defined by the intersection of the laser beam and a small
Jet of air seeded with 1iquid silicon particles exhausting from a 0.50 mm
diameter hollow needle.
The focal volume determined by the scatter tube optics is aligned so

that it intersects with the focal volume of the reference beam at the alignment
Jet. The common volume formed by the intersection of these two beams is called
the scattering volume. The scattering volume for therLDV system is the equiv-
alent of the physical probe of convectional measurement systems, since this
is the region in which the LDV data is taken. A variable front aperture and
several interchangeable field stops are located in each scatter tube to allow
for adjustment of the scatter volume size. The scatter volume is essentially
an ellipsoid with a maximum Téngth and width determined by the optical settings
and angular arrangement of the instrument. As reported in Ref. 6, the width
of the scatter volume was measured by moving a small alignment jet know dis-
tances along the width and observing the change in Doppler signal to noise
(S/N) ratio. The width was found to be 0.10 mm. Using similar measurements
made along the scatter volume fength at scatter angles of 8.5° and 28° and
reported in Ref. 6 and 7, Fig. 2 was prepared. This Figure shows the varia-
tion in scatter volume length with scatter angle for different ratios of S/N
to maximum S/N in the length. Using this Figure the maximum scatter volume
length for this test with a scatter angle of 12.6° was found to be 2.5mm.

From the alignment point, the reference beam paéses into the reference

tube where it is recollimated and directed onto a photomultiplier (RCA 8645).
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An optical attenuator control provides a means for adjusting the reference

beam power in order to obtain optimum Doppler S/N ratio. As shown in

Ref. 1, coherent mixing theory requires that the reference power should be much
'greater than the scatter power in order to achieve optimum S/N. This should,
however, be achieved without saturation of the photomultiplier tube as this

can have adverse effects on the performance of the tube.

An acousto-optic-modulator is also included in the reference tube. A
schematic of this device is given in Fig. 3. In this device a pizoelectric
transducer 1s excited by a radio frequency (RF oscillator at either 19 or
57 MHz. The transducer then imports acoustic waves, at either of these
frequencies in a glass block to which it is attached. The acoustic wave
diffracts a fraction of the reference beam passing through it and shifts it
in frequency by an amount equal to the acoustic or RF frequency, and in
direction by an amount equal to twice the "Bragg" angle {arc sin Alight/

2 ) As shown in Figure 3, an optical spatical filter consisting of

sound)'
a 2:1 magnification telescope and a 25 micron pinhole, isolates and collimates
the frequency shifted laser beam, this beam being passed through the device
and on to the photomultiplier tube to be used in homodyning Qith the Tight
collected by the scatter tube. By homodyning this shifted light with the

- scatter light, the algebraic sign of the Doppler frequency shift can be deter-
mined and the direction of the calculated velocity vector, which would other-
wise be ambiguous is fixed.

In each scatter tube, the first lens (L1 in Fig. 1) receives the scatter

Tight at a distance of approximately 800 mm from the scatter volume and

collimates it. The collimated light is then reflected off four mirrored
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surfaces, in order to match the scatter beam and reference beam path lengths.
The light is then focused by lens, L2, onto the field stop (FS1) which blocks
light that does not originate within the focal volume. Following the field
stop, lens L4 collects the light and focuses it onto the photomultiplier tube;
passing first through a beam splitter which aligns it with the segment of refer-
ence light from the reference tube.

The necessity of equalizing the path lengths of the scatter and refer-
ence beams is a consequence of coherence length theory. The theory states that
in order to maintain optimum homodyning the path Tength difference between the
scatter and reference beams should be small in respect to the coherence length
for the laser being used. This condition can be met by either increasing the
Taser coherence length with an etalon or by reducing the path length difference.
In this instrument the path difference is minimized by movement of the outside
‘mirrored prism until the maximum Doppler S/N is achiéved.

In addition to the optical receiver and movable mount, the LDV system
employs a CRL Model 53 continuous wave argon gas laser and the electronic equip-
ment necessary for determining the mean Doppler frequency detected by the
optical receiver. The argon laser is attached to the movable mount at a position
opposite the optical receiver. A 2.5 watt output beam at 5745 A is first
passed through a beam expander and then onto a mirror. The mirror is attached
to an adjustable mount which directs the beam through a focusing lens, through
the flow field area and into the optical receiver. The adjustable mirror mount
provides for the precise positioning needed for aligning the beam with the align-
ment jet and the reference tube of the optical receiver.

The final portion of the LDV system to be described will be that of
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the electronic components used in determining the mean Doppler frequencies.

For this discussion, the mean Doppler frequency refers to the frequency at
which the Doppler signal distribution, as recorded and displayed by the elec-
tronics, was of maximum intensity. Figure 4 shows a schematic of the elec-
tronic signal processing equipment. In this arrangement the three Doppler
frequencies from the photomultiplier (PM) tubes were amplified and initially
processed and displayed by three spectrum analyzers. An improved S/N ratio
displayed by the spectrum analyzers was provided by a signal analyzer (Hewlett-
Packard Model 5480 with four channel plug-in) which processed the vertical
output of each of the spectrum analyzers. The spectral display from each
spectrum analyzer was stored in the signal analyzer as a series of 250 points
in a magnetic core memory. The core storage could then be either displayed

| on a CRT or recorded with an X-Y plotter. In the Doppler measurements discussed
here, each of the Doppler signals were in turn displayed on the CRT. The

peak or maximum point of signal amplitude distribution was located and the
frequency at that point identified by connecting a sweep oscillator to the
spectrum analyzer input and adjusting the sweep oscillator frequency until

it corresponded to the previously determined maximum point of Doppler fre-
quency on the signal analyzer. The sweep oscillator frequency at that point
was then read from a frequency counter.

The accuracy with which the mean Doppler signal could be detected was
primarily dependent on the settings of the electronics and the distribution of
the Doppler frequencies in the recorded signal. The most important electronic
setting was the spectral width of the display. This importance can best be ex-

plained by the following example.
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fonsider that the spectral width on the spectrum analyzers were set
at 1.0 MHz/cm. At this setting, the spectrum width on the signal analyzer
CRT display would be 40 KHz/point, since there are 25 points/cm in the display.
It is apparent that a position on the signal analyzer cannot be defined more
accurately than one point, or in terms of frequency, more accurately than 40
KHz. Therefore, for a spectrum analyzer setting of 1.0 MHz/cm a frequency
measured on the signal analyzer cannot be determined to within 40 KHz, and
for wider or narrower spectrum analyzer setting the frequency identification
- accuracy will get correspondingly worse or better. How narrow the spectrum
width can be set is determined by the spectral width of the Doppler signal.
For the current measurements it was found that the best spectral width selection
occurred when the Doppler signal occupied several centimeters of the CRT
display. This usually occurred at 1 MHz/cm. The reasons for this consideration
of frequency measurement accuracy becomes clearer when the LDV equations relat-
1ing velocity to Doppler frequency are discussed in the following section.
Before concluding this section a brief discussion of several aspects
of the particle-flow problem are considered. The fact that the LDV system
measures particle velocities rather than fluid velocities immediately raises
the question - "How well does the particle motion represent that of the fluid
motion?". From the theoretical considerations reported in Ref. 2, it is
noted that for particles with a size and density similar to that employed for
the vortex tests, the difference between the particie and fluid velocities is
expected to be less than 1%. In the remaining sections no distinction between
particle and air velocity is made since the relative difference between the

two is considered small.
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ATthough for many applications, the particles which naturally occur
in the air provide sufficient Doppler signals, such particles are usually in
concentrations that do not provide a reasonably continuous scattering siganl
(i.e. one particle per scattering volume). For the vortex measurements pre-
sented, particles of silicon 1iquid were seeded in the wind tunnel air supply.
These particles were produced by passing compressed air out of small jets im-
mersed in the liquid, causing the liquid to be sheared into small droplets
forming an aerosol. Measurements of the particle size and concentration in
the air supply showed particle concentrations of 2.08 x 10° particles/cm®
with a mean particle size of 0.30 micron based on number. These measurements
were made using a five stage casade impactor and the samples were taken from
the air supply prior to tunnel operation.

In one region of the flow field, center of the vortex, the particle
concentration was noticeably reduced. In that region the flow rotation is
much the same as in solid body rotation. Particles are subjected to centrif-
ugal forces which act to remove them from that region. This reduced the number

of particles there and made the Doppler signals difficult to identify.

3.0 THREE DIMENSIONAL EQUATIONS
Although no rigorous derivation of the Doppler equations will be given
here, an examination of the numerical values of the equations for particular
geometrical arrangements are important in understanding the capabilities and
limitations of a three dimensional measurement with this system.
Figure 5 shows a schematic of the geometric arrangement of the LDV
optical receiver and reference beam relative to a flow field. In all applica-

"tions considered to date, the angle ¥, which is the angle between the reference
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laser beam and the flow field axis, has been 90°. For ¥=80° the defining

set of equations are

AF1 = (Sina)V + (cosa-1)U (1)
AF2 = (- 3/2 Sina}U - (1/2 Sina)V + (cosa-1)W (2)
AF3 = { 3/2 Sina}U - (172 Sina)V + {cosa-1)W {3)

In the above equations X is the laser wavelength (5145 A); o is the
scattering angle; U, V, and W are the orthogonal components of mean velocity,
and F1, F2, and F3 are the Doppler frequency components for each of the three
scatter tubes. The LDV optical receiver is designed so that the scatter angle
can be adjusted to nominal positions of 85, 12°, 18°, and 28°. For the vortex
" test reported here the scatter angle on each tube was 12.6°.

In the following table the sensitivities of the Dopplier frequencies
. to changes in the velocity components are tabulated.for the 8.5°, 12.6°,

18°, and 28°.

Sensitivity Scatter Angle

MHz /m/sec 8.5° 12.6° 18° 28°
aF1/3U 0 0 0 0
aF1/aV 0.2878 0.4248 0.6003 0.9124
3F1 /o -0.0213 -0.0469 ~0.0948 -0.2273
aF2/3U -0.2483 -0.3681 -0.5196 -0.7896
aF2/3V -0.1433 -0.2122 -0.3001 -0.4560
aF2/oW -0.0213 -0.0469 -0.0948 -0.2273
8F3/3U 0.2483 0.3681 0.5196 0.7896
AF3/3V -0.1433 -0.2122 -0.3001 -0.4560
aF3/9W -0.0213 -0.0469 -0.0948 -0.2273

It is instructive to note that the instrument arrangement is such that the
sensitivity to changes in the W velocity component is much less than for the

U and V components. From a practical measurement standpoint this means that
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the Doppler frequency components must be identified with some precision in
order for the W component to be meaningful. For example with a scatter angle
of 12.6° (the case for the vortex measurements presented) a frequency error
of T 0.1 MHz in any Doppler frequency component would cause a W velocity
error of ¥ 2.1 m/sec. Note that for a scatter angle increase to 28° a

t 0.1 MHz measurement error in any Doppler frequency component would only
result in a W velocity error of T 0.4 m/sec. It can then be clearly seen
that a distinct advantage in sensitivity to the W velocity component is
gained by increase in scatter angle. The W component sensitivity could
likewise be improved by changes in the angle ¥; however, such changes would
present several mechanical and optical problems which would make the align-
ment and taking of data difficult, especially in a wind tunnel or other flow
field which must be viewed through glass windows. For this reason the angle
¥ has always been made to be 80°.

As noted, the W sensitivity is improved by increasing scatter angle
which is desirable when a three dimensional measurement is being made. There
are several important consequences of this change which are worth mentioning.
The increase in scatter angle will reduce the scatter volume size which is
desirable if a high spatial resclution is to be achieved such as in flow
fields with large velocity gradients. As a result of this decrease in scatter
volume and an angular dependence of scatter intensity (the scatter intensity
decreases with increasing angle from the reference beam), the amount of
scatter power collected by the optical receiver will decrease resulting in
a reduced Doppler signal level (assuming the reference laser beam power and

scattering particle size and concentration are maintained). Increases in the

10
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scatter angle will also cause the measured Doppler frequency shift to increase.
In many applications it is possible to exceed the frequency response of the
photo-detectors and/or other electronic measurement equipment when increasing
the scatter angle. For example, if the velocity was 300m/sec in the U direc-
tion, then the Doppler frequency shift at 8.5° scatter angle on scatter tube
3 would be

F3=(3F3/3U)U = 0.248(300} = 74.5 MHz,
neglecting any contributions from the V and W directions. The corresponding
Doppler frequency for a 28° scatter angle is 237 MHz, which is outside the
range of the amplifiers presently used in the LDV system. FEach test application
must be examined to assure that an angular arrangement of the instrument can
be provided which will produce the desired accuracy within the frequency and

performance limitations of the system.

11
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4.0 VORTEX MEASUREMENTS

Measurements were made using both the 3-Dimensional LDV system described
in the previous sections and a one dimensional LDV instrument and frequency
tracking system described in Ref. 3. The majority of the measurements were
made with the 3-D system and were of the mean velocities in the vortex. The
one dimensional system was used to obtain turbulence measurements.

The following sections present the results of these measurements.

4.1 THREE DIMENSIONAL DATA

Using the LDV system previously described, velocity measurements were
made at the MSFC 7 x 7 inch wind tunnel facility. For these measurements
a 6% thick biconvex constant cross~-section wing with an aspect ratio of 2.7
was attached to the tunnel side wall at a +6° angle of attack. The wing
had a chord of 6.57 cm (2.59 in.) and a semi-span of 8.89 cm (3.5 in.). The
trailing edge of the wing was at the upstream edge of the side wall observation
window and the wing extended to the middle of the tunnel. A schematic of the
tunnel and LDV system arrangement is shown in Fig. 6.

The wing at angle of attack produced a wing tip vortex when the tunnel
flow was initiated. This vortex flow, which trailed downstream of the wing,
providéd the velocity field in which the LDV measurements were made. The
measurements were made at a station 1 and 2 span lengths (17.78 and 35.56 cm)
behind the wing and with mean tunnel velocities of 80-84 m/sec as measured
by a static pressure technique. Figure 6 also shows the wind tunnel coordinate
system and directions for the measured velocity components. Table I gives

the locations of the velocity profiles that were made. The majority of the

12
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measurements were made at 2 span lengths from the wing.

Due to limited tunnel run time and Timited data storage, only one data point
pef tunnel operation could be made. Although this limitation might be expected
to cause some uncertainty in the reproducibility of the flow field for each
point, the measurements show an exceptional degree of reproduﬁibility with
very 1ittle scatter in the data. Figures 7 through 33 present the velocity
profiles for the U, V, and W velocity components in the vortex region. Several
points can be made cdncerning the measurements. These are discussed under
~each of the velocity components.

For the U Velocity Component.

1. The profiles for the U component are presented in two forms.
Fig. 10 through 15 show the velocity profiles in m/s while Fig. 16
through 21 show the same profiles non-dimensionalized by the total

velocity V The velocity profiles are presented in m/s to

T
T1lustrate the slight variations in that component on either
side of the vortex core. At about 9.4 cm from the tunnel
sidewall a velocity deficite of about 1.5 m/s is noted in each
of the profiles. This deficite is outside the wing tip and

a corresponding deficite is not found on the inborad side of
the vortex. The deficite is also noted at the one span location
shown in Fig.” 7, however, the deficite is only about 1.0 m/sec
at this location. The oscillatory nature of these profiles are
attributed to the roll-up or formation process of the vortex.

It would be expected that the oscillations would disappear at

stations further downstream and only the main velocity deficite

associated with the vortex core would be present.

13
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2. The measured profiles showed a
1
- of 0.9 V¢ (VT = {(U% + V2 + wz)/z) at one span downstream and 0

0.78 VT at two spans downstream.

~ For the V Velocity Component

1. The maximum value of the V component was found to be 0.29 VT
at both the one and two span Tocations.

2, The diameter of the vortex core at the one span station was
found to be 0.52 cm and 0.62 cm at the two span location.

The core region is defined to be the region where the rotation
is approximately equivalent to that of a solid body.

3. The V profile at the one span location indicated that the
flow profile was not symmetric about the vortex core. In
particular the profile has slightly higher velocities on
the inboard side of the core than on the outboard side.

The data at the 2 span location showed that the profile was
much more symmetric, indicating that the vortex is more completely
formed.

4. The profile at the one span location also showed a region
on the outbcard side of the core in which the velocity was
almost constant for about 0.25 cm. This region corresponded
to the region of the velocity deficite in the U component
mentioned earlier. This flat region does not appear in the
V profiles at the 2 span location, which would be expected
since the region apparently corresponds to the deficite in

the U component which was noted to be present at that station.

14
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Identification of this region in the V profile probably would have
been made if the data points had been more closely spaced.

The position of the vortex along the Y axis is determined by
noting where the V component is zero. At the one span location
the vortex is Tocated at 0.5 ¢m inboard from the wing tip and at

the two span location the vortex is located at 0.7 cm inboard

Data at the one span measurement location (Fig. 9) shows

that the W component changes direction at two positions along

the Y axis. The outboard position for W = 0 corresponds to

the position of the U velocity component deficite and the flat region
in the V component profile previously mentioned. The fact that the W
component remains negative as the measurements progressed inboard
would indicate that this traverse is slightly below the center

of the vortex core. The peak negative value corresponds to

the position where the V velocity component (Fig. 8 ) goes to

5.
from the wing.
For the W Velocity Component
1.
zZero.
2.

At the two span measurement Tocation,Fig. 29 corresponds closely
to Fig. 9 at the one span location. Both profiles indicate
that they are below the vortex core. In addition, the profile
in Fig. 33 would be above the vortex since this profile goes
from negative to positive values in moving from the outboard to

the inboard Tocations.

15
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3. The fact that the W velocity component was found to be of the
same order as the VY component and in some cases higher, would
indicate that the V component is not a good representation of
the vortex tangential velocity. Assuming that the radial
velocity component is small, the tangential velocity would be
approximately equal to V V2 + W2 and if V = W the peak
tangential velocity would be higher than the V values by the
\[ET The assumption that the radial velocity component is
small would probably only be good at points very close to
the vortex core, since the flow further from that region

is being pulled toward the core.

In observing the vortex measurements in perspective, the picture which
evolves is one of a complex spiraling motion. It appears, that for the down~
stream stations at which the measurements were made, the vortex motion is not
symmetric except at positions very close to the vortex core. Attempts were
made at transforming the velocity data at the two span location inte cylindrical
coordinates. If any symmetry existed the data profiles coui& all be plotted
on a single set of radial, tangential and axial curves. The results indicated
that not such plots could be made.

Additional evidence of the Tack of symmetric was obtained by photograph-
ing the vortex flow pattern. This was accomplished by passing a thin (=~ 2mm)
sheet of laser light through the wind tunnel flow and normal to the flow
direction. The sheet of 1ight was scattered by the silicon particles in

the flow, thus allowing movie films to be made of the vortex flow patterns.

16
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These films were taken through one of the wind tunnel windows. Figure 34
shows two of the enlarged frames from the movies. These frames further illus-
trate the spiraling nature of the flow. It is also interesting to note the
reduced particle concentration in the core region. This reduced particle
concentration caused some difficulty in obtaining data through that region.
This is the reason no data was obtained in the core region on two of the

profiles at the two span location.

4.2 DATA COMPARISONS

The wind tunnel vortex measurements conducted by Rorke and Moffitt and
described in Ref. 4 provided data taken under measurement conditions that were
very similar to those conducted by the author. For this reason their measure-
ments were used for comparing with the author's data. Rorke's measurements
were made with a triaxial hot wire probe with each element having a sensitive
wire Tength of 1.25 mm and a diameter of 5 microns. The wing model was a
NACA 0012 airfoil while that used by the author was a 6% thick biconvex ajr-
foil. The perternate characteristics of comparison between the author's measure-
ments and those of Rorke are given in Table II.

Figures 35 and 36 show comparisons of the author's profiles with those
of Rorke for the conditions given in Table II. It is noted that Rorke's data
shows only the axfal and tangential velocities which were obtained from the
U, V, and W velocity components assuming that the radial component was zero.
The V velocity component of the author is used for comparison with Rorke's
tangential velocity. Rorke's axial velocity would compare directly with the
author's U velocity component. Several interesting points are noted and item-

ized below:

17
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For Axial Velocity

1. The Author's axial velocity measurements exhibited profiles with
several small dips as the core region was approached and a
major dip which corresponded to the center of the vortex core,
i.e. the largest dip occured at the points were the V velocity
component was zero. This does not appear to be the case with Rorke's
data, which shows that the major dip occurs at the position of
maximum tangential velocity outboard of the wing. Rorke's data also
shows much larger oscillations than that observed by the author.

2. Both sets of data show a larger decrease in the axial component in
the vortex core as the distance from the trailing edge was increased.
The maximum deficit noted by Rorke was 0.84 V., and 0.78 Y, at the
2.0 and 5.0 chord Tocations while the author recorded maximum deficites
0f 0.9 V_ and 0.78 V¥, at the 2.7 and 5.4 chord locations.

3. At the 5.0 chord location, Rorke also recorded a substantial reduction
in the axial component both at inboard and outboard stations. This
reduction was not evident in any of the author's data or in Rorke's

data at the 2.0 chord station.

For Tangential Velocity

1. Generally Rorke's tangential velocity profiles show considerably
larger peak vortex velocities than that recorded by the author's V
component profile. As noted previously, the V component should be
combined with the W velocity component to obtain the tangential velocity.

This would have yielded peak tangential velocities thét would have been

18
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higher than that shown by the V component alone. The problem with
that procedure is that the radial component must be éssumed to be
zero or small. The validity of such an assumption can be questioned
on the grounds of the spiraling vortex motion that was observed.

2. The flat region in the profile observed by the author at the out-
board station corresponded roughly with that observed by Rorke at the
2.0 and 2.7 chord stations. Rorke's data indicates that this flat
region has grown into a dfp at the 5.0 chord station. No dip was
observed by the author at the 5.7 chord station.

3. In addition Rorke's data at the 5.0 chord station indicates that the
tangential velocity has a direction reversal at about 2.0 cm from the
core and inboard of the wing. The author's data did not indicate
that this occured at the 5.7 chord station. There was also a substan-~
tially high tangential velocity in the outboard regions of the vortex

core in Rorke's data which was not indicated in the Author's data.

The vortex core diameter, peak tangential velocity and mean axial velocity
in the core have been found to be functions of the wing 1ift coefficient and the
vortex age. For the wing used by the author the 1ift coefficient was calcu-
Tated in the following manner from data in Ref. 5., pages 157-159. The 1ift
coefficient is given by

lp=aa
where a is the slope of the 1ift curve slope and o is the angle of attack
(6°). Also
a=a/(1+a,(57.3)/me, AR

19
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Where a, 1s the slope of the 1ift curve for the section 1ift {~.1082 for
the test airfoil), e; is the induced angle span efficiency factor and e, =
1/1 + © = .8547 for a rectangular wing span., and AR is the aspect ratio which
is 2.75 for the test wing.
Using the above values
a = 0.571 and CL = L343
Also the vortex circulation strength is given by
T = CL C VT/Z
Where C = chord length = 6.57 cm and VT = total free stream velocity = 84 m/sec
for this test.
Then
T = 0.970 m?/s
The vortex strength for the data of Rorke, with which the author's data
was compared, had a value of | -

I =1.36 m?*/s

The vortex strength may also be estimated by assuming that the flow within
the core region is circular and that the vadial velocity component is zero.
For this case the circulation strength is

' = 27r VTan = WdVTan

Where d = core diameter and VTan = the tangential core velocity corresponding
to that diameter. Using the above definition of vortex strength, calculations
were made using the author's data and that of Rorke. This calculations are

given in the following table.
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Data Chord Core Dia. VTan T t
fr;;na$22 (em) (m/s) {m2/s) {millisec)
Rorke 2.0 : .58 43.8 .797 4.0
Rorke 5.0 .78 43.2 1.058 8.6
Author 2.7 .42 25.0% . 324 2.6
Author 5.4 .65 25.0* .510 5.2

* As noted previously the author's V velocity component which is used
here is probably smaller than the actual tangential velocity.

An additional term of interest in vortex studies is that of vortex age.

This term is defined as
d + .75¢
Voo

Where V, 1s the free stream velocity, d is the disténce downstream from
the wing trailing edge, and ¢ is the wing chord length. In this expression,
it is assumed that the vortex is formed at the quarter chord position.
Values of the vortex ageIWere calculated using the above definition and are
shown in the preceding table.

Figure 37 shows a plot of the vortex strength as a function of vortex
age for the tabulated data. The maximum vortex strength shown is taken
to be the values calculated previously using the 1ift coefficient for the
respective wings. This value represents the maximum vortex strength which
can be achieved if all the wing vorticity is concentrated in the vortex.
The data in Fig. 37 indicates that the vortex strength is still increasing

at the vortex ages at which the measurements were taken. Thus, the vortex
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is probably noted completely formed. Extentions of the data shows that the
maximum vortex strengths are reached at a vortex age of 23-25 milliseconds.

The trends in Fig. 37 are due to the increase in vortex diameter rather than

an increase in vortex tangential velocity. As seen in the preceding table
vortex tangential velocity was relatively constant befween the two stations,
while the diameter was still increasing. It would appear then that the max-

imum vortex tangential velocity is reached very quickly, and the vortex continues
‘to increase its strength through a growth in core diameter.

This conclusion is contradicted by the data plotted in Fig. 38 which
shows a plot of nondimensionalized core diameter as a function of vortex
age. In the Fig. 38 the more extensive data of Rorke indicates that the max-
imum vortex diameter is reached in approximately 2 milliseconds. The Authors
data, also shown, indicates that the diameter is still increasing at 5 milli-
seconds and as shown in Fig. 37 the maximum strength ﬁs not expected to be
reached until 25 milliseconds.

The data comparisons show that there is a strong possibility that the
maximum vortex strength was not reached in the author's measurements or those
of Rorke. The increase in measured vortex strength appears to be caused by
an increasing vortex core diameter with vortex age. This, however, is not
substantiated by the more extensive data of Rorke, which shows that the max-
imum vortex diameter is reached quickly and begins to get smaller with increas-
ing age. At some larger time the vortex diameter should begin to increase
in size as the vortex dissipates.

Additional comparisons of the data were made with the theoretical devel-

opments of Hoffman and Joubert (Ref. 8) for turbulent line vortices. Their
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formulation applies mixing Tength theory to concentrically circular turbulent
flow, along with dimensional analysis considerations, to arrive at the conclu-
sion that for values of V_X/T > 150 the vortex flow field is independent of
viscosity where V., is the free stream velocity, X is the distance downs tream
and T is the vortex strength. They further conclude that if this condition is
met a universal tangential velocity profile exists which can be written in
terms of radial position at which the peak tangential velocity occurs. This

relation is given as

\
y = Yimaxd rmax) 5y 5 04 109, T
" r{max)

For values of r/r max < 0.4 V is defined by

1.83 r2

r{max)

V =

Neglecting any spiral in the LDV data and assuming that the V velocity
component represents the tangential velocity of a swirling symmetric vortex
core, a comparison was made with a profile predicted by Hoffman and Joubert's
equations. This is shown in Fig. 8. Their profile agrees well with the LDV
data. It is noted that the agreement is better on the inboard portion of the
wing with Targer discrepancies observed on the outboard section. This dis-
crepancy is attributed to the nonsymmetric nature of the profile which Hoffman

and Joubert did not consider.
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4.3 DOPPLER SPECTRAL DISTRIBUTIONS

Throughout the 3-D measurements the Doppler spectral distributions in
the vortex region were of concern primarily because of a necessity of main-
taining a good accuracy in the identification of the mean Doppler frequencies.
The term mean Doppler freguency is taken to be the frequency at which the
Doppler spectrum has a maximum signal intensity. This maximum point on the
Doppler spectrum is the point at which the mean frequency has been identified
for all the measurements presented.

Of particular interest is the F, frequency component. The F, frequency
component has no sensitivity to the U velocity component, is most sensitive
to the V component and approximately an order of magnitude less sensitive to
the W component. The V velocity component will roughly correspond to the vor-
tex tangential velocity for measurements made close to the vortex core. Since
the tangential velocity distribution exhibits rather high velocity gradients
and since the long dimension (0.5 mm) of the scatter volume is such that it
sees this velocity spread, and further that the F, frequency component is most
sensitive to this velocity, the broadening of the Doppler signal will be the
greatest in the F, component for measurements close to and in the core. The
spectrums of Fig. 39 do in fact show this to be the case. The signal in the
top trace which is outside the core region is rather narrow and Gaussian in
shape. The identification of the mean Doppler frequency at the peak intensity
point is quite accurate for that measurement. Now note the changes in the
signal trace as the core region is approached. The signal has definitely
broadened to the point that a peak on the trace is rather hard to identify.

The term mean Doppler frequency is much harder to define since the signal
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strength is widely spread and not symmetrically distributed. Besides becoming
broader the signal intensity is reduced due to the reduced particle concen-
trations.

Another characteristic of the F, Doppler spectrum is noted in the bottom
trace of Fig. 39. This trace shows a double hump in Doppler signal intensity.
This type signal may be caused by a segregation of particles in the vortex
region. The larger particles would tend to be Tocated further from the vortex
center with the smaller particles located closer to the center. The larger
particles would produce a larger scatter of laser light and would therefore,
be expected to produce a higher intensity Doppler signal. On the other hand,
the smaller particles would produce less scatter and less Doppler signal per
particle, however, the number of smaller particles could be expected to be
greater than the large ones. It therefore, seems that such a particle segre-
gation might cause the observed Doppler spectrum.

Since the nature of the Doppler spectrum near the core is rather broader
. and open to some amount of interpretation as to where the mean Doppler signal
is Tocated and also the core region is rather small, it was felt that the
accuracy of the measurements could best be maintained by making measurements
at a very close spacing. This spacing was 0.127 mm at points in the core
region. Points at such a spacing allowed for a certain signal overiap since
the scattering volume length was larger than this dimension. This signal
overlap also helped to smooth any fluctuations or difference in the flow field
from run to run, since only one point was made per operation of the wind
tunnel.

So far in this discussion of Doppler spectral distributions no mention
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has been made of the effects of turbulence on the observed signal broadening
in the core region. An increase in turbulence intensity would definitely
broaden the observed spectrum. The 1-D turbulence measurements did not con-

clusively indicate what effects the turbulence had on the broadening.

4.4 ONE DIMENSIONAL TURBULENCE DATA

The turbulence measurements were made using an LDV system and technique
that was different from that used for the three dimensional mean velocity
measurements. Only a brief description will be given here and the interested
reader is directed to Ref. 3 for more complete details.

For the turbulence measurements, the wind tunnel coordinate system,
wing configuration and operating conditions were the same as those used for
the 3-D measurements. The LDV optical instrument was basically similar to
the 3-D system in that the system operated on the reference -forward scatter
technique. The instrument consisted of one component, i.e. scatter Tight
was received from only one direction, thus only one velocity direction was
obtained at a given time. The instrument was flexible in that measurements
could be made from several different directions and at several different
scatter angles. For the measurements made the system was placed in two different
measurement configurations. One was to measure the V or tangential velocity
along with the turbulence level, and the other configuration was to measure
the U or axial velocity component.

A frequency tracker was used to obtain the turbulence data. This instru-
ment was designed to accept the Doppler frequency as input data and to elec-

tronically “Tock" onto the signal and track the frequency changes. The tracker
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outputs are a DC voltage corresponding to the mean Doppler frequency or flow
velocity and a fluctuating voltage Tevel (AC) corresponding to the Doppler
FM fluctuations or flow turbulence. With the use of calibration curves, the
Doppler input frequencies can be identified and the corresponding mean velocity
and turbulence levels are calculated using techniques described in Ref. 6.

Figure 40, 41, and 42 presents the mean velocity as well as the turbulent
intensity distributions for the measurements made with the one dimensional
instrument. Several operational difficulties 1imited the data taking capa-
bility. One of these was the short run time associated with the wind tunnel.
During a run only about 30 sec was available for locking onto the Doppler
signal and obtaining an accurate readout of the AC and DC output voltages.
Another difficulty was encountered in the lower Timit at which the frequency
tracker would operate. This 1imit was 5 MHz which corresponded to a mean
velocity of 12.5 m/sec. As shown in Fig. 41 the tangential velocity component
was only above 12.5 m/sec in a very small region around the vortex core. One
final operational difficulty was the reduced signal level which occured in
the vortex core. The reduced signal level was a result of the reduced par-
ticle concentration in the core caused by the vortex motion which removed
larger particles from the core. With the reduced signal level, the trackers
would not maintain Tock and no turbulence data could be obtained.

In Fig. 40 the axial velocity data is presented. The mean velocity pro-
file shows the expected "dip" at the vortex core, while the local turbulence .
Intensity is found to be approximately constant at about 5% and showing in-

creases to 10% close to the core.
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The tangential velocity component distribution given in Fig. 41, shows
the expected shape and agrees well with profiles measured with the 3-D system.
Figure 42 shows the Tocal turbulent intensity distribution for the tangential
velocity measurements. This data shows a Targe scatter and it is difficult to
decern any trends. The measurements indicate a local turbulence intensity

level of approximately 15% close to the core.

5.0 CONCLUSIONS AND RECOMMENDATIONS

Based on the results of the vortex measurements conducted, the following

conciusions are drawn:

1. The techniques for routinely obtaining 3-dimensional mean velocity
measurenents and 1-dimensional turbulence using the laser Doppler
technique was established.

2. The increase in vortex core size rather than an increase in the
maximum core tangential velocity appears to be the governing para-
meter in the build-up of vortex strength. This conclusion is not
supported by the data of Rorke {Ref. 4).

3. The vortex had not built up to its maximum strength at two span
lengths from the trailing edge.

4, The turbulent intensity in the axial direction increases in the
vortex core, and in the tangential direction the local turbulent
intensity is about 15%.

5. The signal broadening resulting from the large velocity gradients

in the core region made the determination of the maximum Doppler
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The

frequency more difficult, but did not appear to increase the measure-
ment error.

The vortex in the regions investigated is in a definite spiral

motion in which the radial velocity component should not be neglected.
Only these regions very close to the core are symmetric.

Oscillations in the axial (U) velocity component appear to be
associated with the vortex formation process and correspond to similar
perturbations in the other velocity components.

The non-uniform distribution of signal intensity in the vortex

region indicates that the flow field has created regions in which

the particles are not uniformly distributed, i.e. the particles
appear to have been segregated according to size.

following recommendations are set forth:

Use the 3-D system along with the three available frequency tracking
systems to conduct further, more extensive studies of the vortex
formation for various wing tip configurations.

Conduct further investigations into the probable segregation of
particles in the vortex flow to determine if the technique might

be used to measure particle sizes and concentrations.
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Table 1

Vortex Data Measurement Positions

Position Y Position
Type ~ (cm) (cm) Number Data
Data X Y From To Points
3-D 17.78 -0.167 11.43 0.762 114
3-D 36.96 -0.330 13.97 1.270 59
3-D 35.56 -0.167 13.97 1.778 102
3-D 35.56 0.020 13.33  3.810 68
3-D 35.56 6.170 13.97  1.270 . 118
3-D 35.56 0.210 13.97 5.080 83
3-D 35.56 0.480 13.97 1.276 . 92
1-D 35.56 0.020 10.15 6.700 _ 60

Noté: Wing Span = 17.78 cm (Data was taken at one and two wing

spans behind the model)
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Table II

Comparison of Perternate Characteristics of Vortex Data

in Reference 4 and that of the Author

Angle Chord Chord Lengths
Data V., of Length | from Trailing Wing
Source Ry (m/s) Attack (cm) Edge Type
Rorke* 460,000 73 6° 10.8 2.0 NACA 0012
Rorke* 450,000 72 6° 10.8 5.0 NACA 0012
Author 360,000 84 6° 6.6 2.7 6% biconvex
Author 360,000 84 6° 6.6 5.4 6% biconvex

* Ref. 4
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Figure 34 Visual Display of Wing Tip Vortex Pattern in MSFC 7 X 7 Inch
Wind Tunnel at 7 Inch Downstream of Wing Trailing Edge.
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See Table II for measurement configurations
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See Table II for measurement configurations
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Fig. 38 Comparison of Vortex Core Diameter Variation with Vortex Age.
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Figure 39 Doppler I'requency Spectrums of F; Component Showing Changes at Points
Close to the Vortex Core.
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Fig. 40 Axial Mean Velocity and Turbuelnce Measurements with 1-D LDV System.
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